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EFFECT OF IONS ON MELANIN FORMATION*,1
AARON BUNSEN LERNER, M.D., PH.D.
WITH THE TECHNICAL ASSISTANCE OF ROSEMARIE SEQUIN
Melanin pigment in the skin and eyes is formed biochemically through the
enzymatic oxidation of tyrosine to dopa and dopa to melanin (1).
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Recent investigations have shown the effect of temperature, pH, oxidation-
reduction potentials, and enzyme and substrate Concentrations 011 tyrosinase
activity (1, 2). Because the effect of ions and ionic concentration has not been
studied in detail heretofore, and because heavy metals are known to influence
melanin formation clinically, experiments were carried out on this problem. The
results and clinical significance of the study are reported here. A more detailed
report of the chemical aspects of the investigation will be reported elsewhere.
Tyrosinase was prepared from the Harding-Passey mouse melanoma in a manner de-
scribed previously (2, 3). Enzymatic activity was determined manometrically by measure-
ment of the oxygen uptake in the Warburg apparatus at 38°C, and in 0.1 M sodium phosphate
buffer at pH 6.8. The substrate, 0.5 mg. L-tyrosine or 0.5 mg. Dihydroxyphenyl-L-alanine
dopa), was added from the side arm of the Warburg vessel to the enzyme preparations after
(0 minute equilibration of the solution at 38°C. Approximately 3 units of tyrosinase were
sed in each reaction vessel.
EXPERIMENTAL AND RESULTS
Two different types of experiments were carried out. Salts of lithium, sodium,
potassium, and ammonium are soluble in phosphate buffer. The effect of these
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ions on tyrosinase activity was determined simply by adding known amounts of
these ions to the phosphate buffer. This approach was not feasible for the salts
of most other metals because insoluble phosphates are formed. No effect was
observed on the reactions when the concentration of the metals was so low that
no visible precipitates with phosphate formed. To overcome this difficulty,
copper-free tyrosinase was prepared in accordance with a method already de-
scribed (3). Small quantities of the metal salts were then added to the copper-
free enzyme along with copper ions. Sufficient copper was added so that 80 to 100
TABLE I
Cations and anions without effect on mammalian tyrosinase
Reactions were carried out in 0.1 M sodium phosphate buffer at pH 6.8 and 38°. Ion
cone. 0.38 M. Substrate was 0.5 mg. tyrosine or 0.5 mg. dopa.
CATIONS] ANIONS
Lithium Nitrate
Sodium Bromide
Potassium Iodide
Ammonium Chlorate
Citrate
Tartrate
Arsenate
Arsenite (10 M)
Molybdate (10—i M)
TABLE II
Inhibition of mammalian tyrosinase by anions
Reactions were carried out in 0.1 M sodium phosphate buffer at pH 6.8 and 38° with
0.5 mg. tyrosine or 0.5 mg. dopa as substrate.
TROSIN5-
ANION (0.38 M) TYROSrNASE-B(% DOPA-TY1OSINASE
Fluoride—Li, Na, K
Acetate—Li, Na, K, NH4
Persulfate—K
Oxalate—Na, K
Chloride—Li, Na, K, NH4
Nitrite—Na
100
89
66
62
53
100
62
61
61
44
43
22
per cent of the original enzymatic activity was restored. No insoluble phosphates
formed with these concentrations of metal ions.
The anions and monovalent cations that had no effect on tyrosinase activity
are listed in table I. None of the monovalent cations, with the exception of
lithium sulfate which inhibited the reactions, accelerated or inhibited the tyro-
sine-tyrosinase and dopa-tyrosinase reactions. In table II are listed the anions
that inhibited tyrosinase. Per cent inhibition of tyrosinase was obtained from
the ratio of (a) the difference in the maximum values of the oxygen uptake during
a 10 minute interval between the control reaction and the salt inhibited reaction
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to (b) the maximum value of the control tyrosinase reaction during the same
period. The values of per cent inhibition shown in table II represent the average
values of the lithium, potassium, sodium, and ammonium salts that were tested
as indicated. Several of the anions inhibited both reactions. Fluroide, chloride,
and acetate consistently inhibited tyrosinase action regardless of the cation pres-
ent. These results are in accord with Riley's finding (4) that chloride ions inhibit
tyrosinase activity of extracts from the Harding-Passey and Cloudman mouse
melanomas. The mechanism by which these anions inhibit the reactions is not
known. Sulfide and cyanide must be included in this group of inhibitory anions.
They have been shown previously to inhibit tyrosinase (3) by removing the
copper required for enzymatic activity.
Persulfate and nitrite also inhibited the reactions. These substances are strong
oxidizing and reducing agents and probably affect the oxidation-reduction PO-
TABLE Ill
Cations without effect on copper-free mammalian trosinase
Cations were added to enzyme simultaneously with copper ions. Cation concentration
was 10 M compared to l0 M for copper. Reactions were carried out in 0.1 M sodium
phosphate buffer at pH 6.8 and 38° with 0.5 mg. dopa as substrate.
Aluminum Lead
Arsenic Magnesium
Barium Manganese
Beryllium Nickel
Bismuth Strontium
Cadmium Thallium
Cerium Titanium
Chromium Uranyl
Cobalt Zinc
Iron
tential in the reaction mixture making it unfavorable for tyrosinase action. No
explanation is available at present for the inhibition exerted by lithium sulfate.
In general the anions are poor inhibitors of tyrosinase because high anion con-
centrations are required for inhibition. None of the salts accelerated the reac-
tions.
In the next experiment metal ions were added to copper-free tyrosinase (apo-
tyrosinase) at the same time that copper was added. When possible, the nitrates
and sulfates of the metals were used because these anions were without effect
on tyrosinase action. In a few instances the chlorides or acetates were used. How-
ever, it is possible that small amounts of these anions did not effect tyrosinase
activity. Only high concentrations of chloride and acetate inhibited the reaction.
Dopa and not tyrosine was used as a substrate because reconstituted tyrosinase
is active on tyrosine only in the presence of small amounts of dopa. It was easier
to use dopa alone rather than a tyrosine-dopa mixture.
Most cations were without effect on enzyme action, as shown in table III.
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Only mercury, silver, and gold ions inhibited tyrosinase. Mercurous and mercuric
ions had the same effect. Data from a typical experiment with these ions are
shown in table IV.
Studies were then carried out in which the mercuric, silver, and gold ions were
kept constant and the cupric ion concentration was varied. In other experiments
the cupric ion concentration was kept constant and the concentration of the other
ions was varied. It was found that mercury, silver and gold ions compete with
copper for apotyrosinase and that the inhibition is reversible only slowly. The
metal which first becomes bound to the apoenzyme, whether it be copper, mer-
cury, silver, or gold, cannot be replaced easily by another metal.
It is interesting that three of the ions that combine with apotyrosinase, namely,
copper, silver, and gold, are the metals making up the first sub-group in the
periodic system of the elements. Further study of the binding action of these ions
and also of mercury ions with nitrogen and oxygen groups may give insight into
the nature of the copper-apotyrosinase bond.
TABLE IV
Effect of mercury, silver, and gold on copper-free tyrosinase
Tons of these metals were added to copper-free tyrosinase simultaneously with copper
ions. Cation concentration was 10 M compared to 10 M for copper. Reactions were
carried out in 0.1 M sodium phosphate buffer at pH 6.8 and 38°.
Control Mercury Silver Gold
0
0
0
OX'GEN UPTAKE (MxcsoLITis)
TIME
minutes
30 32.3
60 54.3
120 79.3
From a physiological standpoint chloride ions are the most important of the
anions tested. The question arises as to whether changes in chloride concentra-
tion in the tissues can affect melanin formation in vivo. Chloride ions, as well as
other anions, are poor inhibitors. About 3 times the physiological concentration
of chloride ions is required to inhibit tyrosinase in vitro under the conditions of
our experiments. Wheeler (5) found that the subcutaneous injection of 4.44 molar
sodium chloride into C-57 black mice produced permanent graying of the hair at
the site of injection. Whether this inhibition of pigmentation was due to a direct
effect of chloride ions on tyrosinase in mouse skin or to a scierosing action of
hypertonic salts on the melanoblasts, or both, is not known at the present time.
Lea (6) suggested that the increase in pigmentation seen in patients with Addi-
son's disease may be related to the decrease in chloride ions often found in that
disorder. He postulated that chloride ions inhibit the auto-oxidation of ascorbic
acid: if chloride ions were decreased, there also would be a decrease in tissue as
corbic acid and then an associated darkening of the skin. Large amounts of as-
DISCUSSION
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corbic acid have been found to decrease the color of melanin (7). However, Lea's
hypothesis does not appear to be correct because in Addison's disease there ap-
pears to be an absolute increase in melanin and not simply darkening of pigment
already present. It is unlikely that the changes in chloride concentration in pa-
tients with Addison's disease could directly affect the enzymatic formation of
melanin. At the present time the best hypothesis for the mechanism of hyper-
pigmentation in Addison's disease depends upon increased pituitary activity (1).
Toxic reactions from ingestion of metals such as arsenic, silver, gold, bismuth,
and even mercury are at times associated with increased pigmentation of the
skin. These metals can bind sulfhydryl groups which normally seem to inhibit the
copper required for tyrosinase action and thus make more enzyme available for
melanin formation (1). An unusual possibility then arises. Can any of these
metals in sufficient concentration act furthur and not only bind sulfhydryl groups
but also replace the copper of tyrosinase to produce depigmentation instead of
increased pigmentation? These possibilities were suggested to the author by
Sulzberger (8) and by Gibbs (9).
Mercury compounds in ointments have long been used in "freckle creams."
Nealon (10) claims that ammoniated mercury can produce as much as 15 per
cent lightening of skin color. It is unlikely that the action of mercury ointments
results simply from exfoliation of the outer layers of the epidermis. Robert and
Zurcher (11) found that the subcutaneous injection of silver ions into blue Vien-
nese rabbits did not cause any change in pigmentation. However, injections of
copper, iron, cobalt, nickel and arsenic salts produced local pigmentation. It is
possible that mercury and silver can replace copper required for tyrosinase. The
in vitro studies presented in this paper indicate that the ions of mercury, silver,
and gold are potential inhibitors of melanin formation because they can compete
with copper for active centers on tyrosinase. The other metals tested were with-
out effect.
SUMMARY
1. The monovalent cations lithium, sodium, potassium and ammonium have
no effect on tyrosinase action.
2. The anions, fluoride, chloride, acetate, and oxalate consistently inhibit the
tyrosine-tyrosinase and dopa-tyrosinase reactions. Persulfate, and nitrite also
inhibit these reactions. Since relatively large amounts of these anions are re-
quired to produce inhibition it is unlikely that variations in anion concentration
in tissues have a direct effect on melanin formation in vivo.
3. Of 24 metal ions tested, only mercury, silver, and gold ions can produce an
inactive enzyme preparation. The ions compete with copper ions for active cen-
ters on apotyrosinase to produce an inactive preparation. These competitive in-
hibition reactions are reversible only slowly. Under proper conditions the ions
of mercury, silver, and gold probably can inhibit melanin formation in vivo.
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